Introduction
This paper presents a contact analysis algorithm employing the relative coordinate system for the multibody system dynamics. Multiple-contact higher pairs are widely used in mechanical systems such as walking machines, feeding systems, driving chains, and tracks of off-road vehicles. Common design problems due to the multiple contacts among bodies are undercutting, jamming, backlash, and body interference. The configuration space representation of a higher pair was proposed by Lozano-Perez [1] for robot motion planning. Sacks extended the configuration space concept in [2] for efficient detection of contact pairs. The relative position and orientation of a pair were mapped into the configuration space. The degrees of freedom of a pair became the dimension of the configuration space, which is divided into free space and contact space in the preprocessing stage of a dynamic analysis and is tabulated into a database. Run time query is made to decide whether a pair is currently in contact or not. When a higher pair has many degrees of freedom, formation of the configuration space and processing effort for a run time query may become extensive. Wang presented an interference analysis method in [3] . Relative coordinates were defined for a contact pair and a kinematic closed loop including the contact pair was formed. Constraint equations arising from closed loops are solved for the relative coordinates including the ones for the contact pair. The canonical Hamiltonian formulation is used to derive a minimal set of dynamic equations of motion. Mirtich proposed a contact detection algorithm consisting of narrow and broad phases in [4] . Candidate features are selected in the broad phase and contact inspection is carried out in the narrow phase only among the candidate features. Haug presented a formulation for domains of mobility that characterizes kinematic boundaries of multiple contact pairs in [5] . A surface-surface contact joint was developed by Nelson in [6] . Piecewise dynamic analysis method for a contact problem was employed in [7, 8] . Dynamic analysis is halted when a contact pair is detected to be in contact and is resumed with new velocities that are calculated from the momentum balance equations. One of drawbacks of this method is that too frequent halting and resuming of the numerical integration may occur when a contact pair toggles between contact and not contact status. Zhong summarized many contact search algorithms in the area of the finite element analysis in [9] . All geometric variables necessary to detect a contact were expressed in the absolute Cartesian coordinate system. The penalty and Lagrange multiplier methods were proposed. The compliant contact model that is based on the Herzian law was used in [10] . Since the contact force is large and varied significantly, the differential equations of motion for this method are generally stiff. A recursive formulation using the relative coordinates was proposed by Bae in Ref. [11] . The equations of motion were derived in a compact matrix form by using the velocity transformation method. The actual computation was carried out by using the recursive formulas developed for each joints. This paper presents a hybrid contact detection algorithm of the configuration space method and bounding box method in conjunction with the compliant contact model. Two bodies of a contact pair are logically considered as a defense body on which the contact reference frame is defined and as a hitting body that moves relative to the defense body, respectively. Contour of the defense body is approximated by many triangular patches, which are projected on axes of the contact reference frame. Bounding box inside which contains base surface is divided into several blocks each of which is indexed on axis of the contact reference frame. Contact inspection for a contact pair is processed in the sequence of broad and narrow phases. Relative position vector of the hitting body to the defense body is projected on the axes of the contact reference frame and select candidate features that may come in contact shortly in the broad inspection phase, which greatly reduces the searching effort. It is not needed any database to be built prior to an analysis. A numerical example is presented to demonstrate the validity of the proposed method.
Kinematic notations of a contact pair
Consider a contact pair shown in Fig. 1 . Two bodies of the contact pair will be referred as a hitting body and a defense body for convenience in the following discussions, respectively. The
coordinate system is the inertial reference frame and the z y x ′ − ′ − ′ primed coordinate systems are the body reference frames. The orientation and position of the body reference frame is denoted by A and r , respectively. Double primed coordinate systems are the node reference frame of the hitting body and the contact reference frames of the defense body, respectively. All geometric variables of the defense body are measured on the contact reference frame. The contact reference frame for the contact pair is defined on the left corner of the bounding box of the defense body, as shown in Fig. 1 Contour of a smoothly shaped body has been represented by the 3D NURBS(Non-Uniform Rational B-Spline) [12] in many commercial CAD programs. Since it is computationally extensive to find intersection lines or points between two surfaces, the defense surface is approximated by triangular patches and the boundary of the hitting body is represented by a set of spheres, as shown in Fig. 2 . The numbers of patches and spheres must be decided by the degree of accuracy required. The bounding box of the defense surface in space can be divided into many blocks each of which has a list of patches lying inside or on the block to efficiently process a contact detection, as shown in Fig.  3 . Since the block locations are tabulated with respect to the contact reference frame attached to the defense body, they are constant. As a result, the locations do not needed to be calculated at every time steps, which significantly reduces computation time associated with the contact search. 
Pre-search
Every pairs of the boundary nodes of the hitting body and the patches on the defense body must be examined to detect a contact between two bodies, which is computationally extensive. In order to save the extensive computation, each node of the hitting body searches to find blocks of the contact domain to which it belongs in the pre-search stage, as shown in Fig. 4 . The relative position and orientation of the hitting body reference frame with respect to the contact reference frame shown in Fig. 1 with this of the block locations of the defense body yields the state of a contact. If a pair of a node and a block is in contact, post-search stage will be proceeded. The bounding box of the defense body is divided into many blocks. Each block has a list of patches lying within or on the block boundary. Therefore, the post-search stage will be carried out only for the patches belonging to the blocks that have found to be in contact in pre-search stage. ′ . In case of non-contact, the rest of procedures must be skipped.
Otherwise, the penetration of the node into the patch is calculated by 
Equation of motion in relative coordinate
The equations of motion for constrained systems have been obtained in Ref. [11] as follows.
where the λ is the Lagrange multiplier vector for cut joints [13] 
Numerical results
Free-falling spheres and spur gear pair problems are solved to demonstrate the efficiency and validity of the proposed method. As shown in Figure 6 , the system has 120 degrees of freedom and consists of 20 spheres and 20 contact patches. The sphere bodies are fallen down under the gravitation. As shown in Figure 7 , the vertical displacement of a sphere is compared to validate a solution with a full search method in which the contact searching with all spheres and patches are performed for every times. This analysis in the proposed method was performed on an IBM compatible computer (PIV-2.4Ghz) and took about 5 sec. per 0.2 sec. for simulation. And for the full search method, the solving time took about 30 sec. under same simulation condition. 
Conclusions
This research proposes an efficient implementation algorithm for contact mechanisms. The contact domain is divided into many blocks each of which contains the list of patches inside it. The search process consists of pre-search and post search stages. In the pre-search stage, the bounding box technique is employed to find approximate contact state. Once the contact is detected in the pre-search stage, the detailed contact condition is further examined in the post-search stage. The compliance contact model is used to generate the contact force, which is applied to the hitting and defense bodies. The relative coordinate formulation is used to generate the equations of motion. The local parameterization method is used to solve the differential algebraic equations. The integration stepsize is automatically reduced when a contact is expected soon.
